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The Mirage of Completeness
Knowledge of the complete set of genes in an organism
is useful because it puts an upper limit on the complexity
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test for a particular function. For example, if you suspectPasadena, California 91125
involvement of a G protein, you can test your hypothesis
with a finite number of existing genes. Even with a fully
finished genomic DNA sequence, there will not be perfect
In 1998, The C. elegans Sequencing Consortium (1998) annotation of the genome: we are limited both by our
announced the essentially complete Caenorhabditis ele- ability to find genes, and by our ability to deduce protein
gans genomic sequence, setting a high standard for se- function from primary sequence. If a pathway uses a sec-
quencing multicellular genomes. As of April 2001, the C. ond messenger and the relevant enzyme in the genome
elegans genome, including repetitive regions, is .99.6% is neither expressed nor functional in the cell of interest,
complete with sequence equivalent to what many genome what do you conclude? Is your model wrong, or is another
projects call phase III. How has this changed the lives of isoform lurking in the genome, masked by its low level of
C. elegans researchers, and our view of this worm? expression, an ORF too short to be statistically significant
One puzzle raised by the worm, fly, and human se- (,100 amino acids), perhaps with large multiple introns?
quences is why worms have so many genes—about We know about genes in multicellular organisms with
19,000 genes, half of the current estimate for humans (see compact genomes (e.g., C. elegans, D. melanogaster and
WormBase; http://www.wormbase.org; also Reboul et al., A. thaliana) mainly because of information about tran-
2001). Consider gene families that appear to have ex- scripts (cDNA clones and expressed sequence tags [ESTs]
panded in C. elegans compared to other multicellular or- and RT-PCR experiments), by sequence homology, by
ganisms; these families include nuclear hormone recep- genetic experiments, and by computational gene predic-
tors, G protein–coupled receptors (GPCRs), and guanylyl tions (Figure 1). None of these approaches are perfect.
cyclases. For example, the worm genome sequence re- The cDNA data are far from complete, particularly for low
veals 220 classical nuclear hormone receptors, a number abundance forms, and the software for gene finding is
much larger than the 60 found in the human sequence fallible. Nonetheless, most of the predicted genes in C.
(International Human Genome Sequencing Consortium, elegans have already been shown to be transcribed (e.g.,
2001). Worms might be more sophisticated than we give Reboul et al., 2001; microarray experiments discussed
them credit for being, having evolved at a faster rate due below). Computational methods will typically miss un-
to their short generation time. Or, these expansions might translated RNAs such as the small regulatory RNA lin-4,
compensate for the organism’s small cell number, espe- which regulates gene expression via the 39UTRs of target
cially in the nervous system. Nematode females and her- genes. Also, protein domains with the same function can
maphrodites have about 300 neurons, and this is the case be highly diverged and hence difficult to recognize. In
regardless of whether the worm is 1 mm long (C. elegans) addition, genes encoding small proteins such as egl-1 are
or 100 mm long (Ascaris). Yet, these neurons display a also difficult to find. However, the availability of additional
remarkable diversity in their expression of GPCRs, guany- sequenced genomes will help such identification. The
lyl cyclases, and Ga subunits. Most are typically expressed large numbers of genes in a genome implies that even
in one or a few types of sensory neurons. Also, many with predictions and experiments yielding an accuracy of
C. elegans neurons that have been studied seem to be 99.9%, we would still be missing tens of genes. While
functionally complex: e.g., sensory neurons have multiple most biological information is neither this complete nor
modes of sensation (Bargmann and Kaplan, 1998). In this accurate, some of us will be misled sometime. Moreover,
a single gene can encode multiple proteins, which oftenview, C. elegans compensates for its small cell number
have drastically different functions; knowledge of only oneby increasing its molecular diversity, presumably allowing
isoform can cause misunderstanding of the others. Ineach neuron type to have a complex set of physiological
many cases, we may not even be aware of the existencefunctions.
of alternative protein forms encoded by the same gene.Recent articles about the human genome include de-
Bioinformatic analyses have to be scrutinized at least astailed comparisons with C. elegans, and this discussion
much as other techniques, and there will always be a needwill not be repeated here. About 40% of C. elegans genes
for refinement. From the late 1980s on, A. Coulson, J.have apparent homologs in humans, and almost all protein
Sulston, R. Waterston, and colleagues put together a su-domains found in human are present in C. elegans. Notable
perb C. elegans physical map and released drafts severalomissions are voltage-gated sodium channels and the
times a year. The community reported many problems asdiffusible components of hedgehog signaling. The ab-
they used the map, and the quality of the map steadilysence of sodium channels is thought to correlate with lack
improved. Similarly, the genomic sequence and its annota-of true action potentials in C. elegans neurons. How sure
tion will remain a work in progress. Catching mistakes iscan we be that a protein is missing from the genome, and
not high throughput.that it will not appear later?
Comparative Worm Genetics
The C. elegans sequence provides a scaffold for other
nematode sequencing projects. C. elegans is likely to in-* E-mail: pws@caltech.edu
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Figure 1. Genomic and Postgenomic Information
A wide range of biological information can be organized by tying it to an annotated genome sequence.
(A) An integrated genome map can now combine the information of a classic genetic map with its order of genes and recombination map
distances, with the topology given by the DNA sequence and physical map.
(B) Features of the genome sequence include genes with their introns and exons, sites of mutation and polymorphism (e.g., SNPs), regions
of homology, transcriptional enhancer elements, and repeats and transposons (not shown).
(C) The sequence can be tied to biological functions such as development (represented by a 4-cell embryo) and behavior (represented by a
copulating male and hermaphrodite) by reverse genetics such as RNAi, forward genetics (relating a site of a mutation to phenotype), and
gene expression (relating a sequence to anatomical structures).
(D) Gene interactions broadly defined include epistasis and other genetic interactions, genes that are coregulated based on expression
microarray data, and physical interactions of gene products.
form studies of nematode biology as well as human biol- tory analysis (e.g., Kent and Zahler, 2000), and this ap-
proach will become even more valuable as additional se-ogy. There are an estimated 1 million nematode species
that include an alarming array of parasites and pests (Blax- quences of other nematodes are obtained. Since species
can have significant biological differences, functional testster, 1988). The genome opens up C. elegans as a model
for genes found in parasitic nematodes. Indeed, there are of the genes being compared—by for example, perturba-
tion of expression—are needed to parse the meaningfulseveral ongoing EST projects. For five parasitic nematodes
(two filarial nematodes, a root-knot nematode, a human conservation and divergence of sequence.
Evolution of Positional Cloningthreadworm, and dog hookworm, and another genetic
model nematode, Pristionchus pacificus) there are already The genome project has had a tremendous impact on the
ability of C. elegans researchers to clone genes definedfives of thousands of ESTs in public databases. Some
genes have clear orthologs in humans and lead to models by mutation, a crucial part of forward genetics. Around
1985, the first genes cloned in C. elegans based on theirfor human disease genes, while nematode-specific genes
might encode potential targets for worm-killing drugs and map position were done using transposon tagging (using
chromosome position to correlate new transposon inser-pesticides. Information about other organisms will help
annotate the C. elegans genome. Moreover, comparison tion sites with the locus of interest). By about 1990, the
draft physical map allowed researchers to test cosmidof species allows deduction of how developmental control
mechanisms evolve; having the genome sequence allows and YAC clones for the ability to rescue their mutation of
interest; the cosmid was then subcloned, and the smallestcomparative molecular genetics (reviewed by Sommer,
2000). rescuing genomic fragment sequenced. This advance al-
lowed numerous loci to be positionally cloned, bringingSequence comparisons among Caenorhabditis species
serve as a test bed for close sequence comparisons (com- to bear the power of C. elegans genetics to understand
programmed cell death, the RAS pathway, etc. When theparable to human-mouse): The sequencing of C. briggsae,
by molecular criteria roughly 30 million years diverged first 2% of the genome was described in 1994, researchers
began making heavy use of the sequence, focusing theirfrom C. elegans, is already 12% done (A. Coulson, personal
communication). Comparison of cis-regulatory regions of attention for positional cloning on sequenced regions, and
began using the sequence to infer cosmid restriction mapsthese two species is now a standard part of a gene regula-
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and to test individual genes included in a rescuing cosmid. tion of life stage, observing expression of 10,741 (of 18,791
attempted) ORFs. They found that old worms downregu-Since then, our lives gradually changed as the extent of
sequence increased. lated muscle proteins, and that core genes conserved in
yeast and fly are more highly expressed than genes onlyForward genetics was given a new boost by high-den-
sity SNP maps (e.g., Jakubowski and Kornfeld, 1999; Koch found in worms. Worm-specific genes tended to display
a higher degree of regulation, with a tendency towardet al., 2000; R. Waterston, personal communication.; S.
Wicks and R. Plasterk, personal communication), chiefly higher expression late in development. Stuart Kim’s group
reported a study of global gene regulation using arraysdependent on large-scale sequencing. With one SNP per
cosmid on average, and estimated frequency of common representing 17,871 genes (Jiang et al., 2001). They found
that 12% are enriched in either males or hermaphrodites.SNPs at 1 per 1500 bp, mapping is now greatly acceler-
ated, thereby potentially narrowing the position of a locus This information will limit significantly the reverse genetics
of sex-specific functions. Similarly, knowledge of the gen-to a handful of cosmids. At this scale, inspection of candi-
date genes can sometimes allow immediate identification. eral time of expression of genes can help prioritize genes
tested for phenotypes of interest. Most importantly, 25Why is positional cloning still important? If one has avail-
able a complete set of knockouts for all genes in an organ- groups of genes whose expression covaried under a vari-
ety of conditions were inferred from the data, and mayism, would conventional genetic screens be abandoned?
Clearly not, based on the experience with S. cerevisiae, but suggest new interrelationships among the genes because
genes that share functions are likely to be coregulated.also because there are numerous examples of “special”
alleles cracking open problems. Gain-of-function alleles Seventy percent of genes had some difference in develop-
ment or between sexes, indicating a richness of genecan reveal the function of genes with redundant function
whose elimination has no phenotype. Tissue-specific al- regulation consistent with the results from observations
of the expression of individual genes. While these resultsleles reveal gene function in cells of particular interest.
Hypomorphic mutations reveal gene function in a subset have not yet changed our view of C. elegans, these pilot
studies are convincing and indicate that the much largerof cells. Also, many interesting phenotypes are too subtle
to detect in large-scale reverse genetic screens. With the number of studies in progress may well give us a new
perspective.genome sequence and SNPs, researchers are able to ra-
tionalize the cloning of genes defined by such special Systematic screens by RNA-mediated gene inactivation
(RNAi) have already assigned phenotypes to about 7% ofalleles, thereby taking full advantage of genetic studies.
Functional Genomics C. elegans genes (Fraser et al., 2000; Gonczy et al., 2000;
Piano et al. 2000; Maeda et al., 2001). Gonczy et al. andOne major impact of the genome sequence has been the
transition from forward (mutant-to-gene) to reverse (gene- Piano et al. focused on embryonic development, videotap-
ing affected embryos, while the other two studies primarilyto mutant) genetics. One tour de force of reverse genetics
was the knockout of 20 a subunits of G proteins, by Plas- looked at phenotypes such as lethality and sterility. Many
of these RNAi experiments will be redone, looking at moreterk and colleagues, using PCR-based detection of
transposon insertions and deletions in populations (Jan- specific phenotypes, or using different methods of deliv-
ering the RNA. RNAi can underrepresent the function ofsen et al., 1999). Using a similar method, the C. elegans
Knockout Consortium has generated deletions in over 200 some genes because it works less efficiently in neurons
(e.g., Tavernarakis et al., 2000), and is transient, requiringgenes and is now scaling up (http://elegans.bcgsc.bc.ca/
knockout.shtml). that that phenotype be noticed in a timely fashion. RNAi
is superb at revealing the maternally-supplied functionsThe existence of a genome sequence empowers large-
scale analyses that help preselect genes for further study of genes: A majority of embryonic development depends
on gene products supplied by the mother, and since pro-by reverse genetics, and to suggest candidate genes for
positional cloning. Ongoing functional genomics projects ducing eggs occurs late in a mother’s life, genes that are
also required for her viability will be hard to identify byinclude a genome-wide two-hybrid interaction map. As a
pilot, Walhout et al. (2000) performed two-hybrid screens deletions. Feeding larvae or soaking them in dsRNA can
decrease gene function after embryogenesis, allowingwith 27 genes involved in vulval development and detected
about 150 protein–protein interactions. later functions to be studied. For closely related genes,
RNAi can inactivate two or more genes at once, thusThe essentially invariant anatomy of C. elegans allows
a description of gene expression on a cell-by-cell basis. reducing the problem of redundancy. Overall, for many
processes, systematic screens using the RNAi reagentsIan Hope’s group has been generating transgenic worms
carrying reporter constructs based on genomic sequence developed by these groups are likely to be effective routes
to gene function. The ability to feed worms dsRNA andand have found expression patterns for over 1% so far
(e.g., Lynch et al., 1995). Using a different approach, Yuji decrease gene activity bypasses the slow steps, namely
RNA preparation and microinjection, and allows creationKohara and colleagues have done whole-mount in situ
hybridization of many of their cDNA clones; over 500 pat- of reusable gridded libraries of bacteria expressing
dsRNA.terns are now available (watson.genes.nig.ac.jp/db/index.
html). While systematic, these studies are performed one Prospects
A C. elegans researcher initiating a study today has agene at a time.
By contrast, DNA microarrays representing almost all choice of forward and reverse genetic approaches. These
approaches synergize superbly, and genome sequenceC. elegans genes are being used to examine the ex-
pressoin of many genes at once. Reinke et al. (2000) com- makes both much easier As more microarray data
emerges, global clustering of genes based upon their core-pared germline and somatic expression and identified an
impressive number of sperm and oocyte enriched genes. gulation will be more informative. We will increasingly rely
on databases to organize information about each organ-Hill et al. (2000) examined expression of genes as a func-
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Piano, F., Schetterdagger, A.J., Mangone, M., Stein, L., andism, and among organisms. We will soon be able to search
Kemphues, K.J. (2000). Curr. Biol. 10, 1619–1622.in databases, for example, for genes that have some de-
Reboul, J., Vaglio, P., Tzellas, N., Thierry-Mieg, N., Moore, T., Jack-sired property and that are coregulated with a gene encod-
son, C., Shin-i, T., Kohara, Y., Thierry-Mieg, D., Thierry-Mieg, J., eting a second type of protein. Combining the data from a
al. (2001). Nat. Genet. 27, 332–336.
multitude of large and small scale projects, we will be able
Reinke, V., Smith, H., Nance, J., Wang, J., Van Doren, C., Begley,
to view networks from the vantage of a gene, seeing its R., Jones, S., Davis, E., Scherer, S., Ward, S., and Kim, S. (2000).
connections based on genetic interactions, coregulation Mol. Cell 6, 605–616.
and physical interaction of gene products, and the cells Sommer, R.J. (2000). Curr. Op. Genet. Devel. 10, 443–448.
in which it expressed. Robust methods of determining the Tavernarakis, N., Wang, S., Dorovkov, M., Ryazanov, A., and Driscoll,
mRNAs expressed in specific single cells will likely come M. (2000). Nat. Genet. 24, 180–183.
into practice, and there will be an immense data set of The C. elegans Sequencing Consortium (1998). Science 282, 2012–
gene expression at the level of single cells. Proteomic 2018.
approaches will likewise increase. Although such ap- Walhout, A., Sordella, R., Lu, X., Hartley, J., Temple, G., Brasch, M.,
Thierry-Mieg, N., and Vidal, M. (2000). Science 287, 116–122.proaches are now hindered by the difficulty of obtaining
pure tissue samples from C. elegans, such problems might
be helped by genetic tricks, e.g., strains lacking a particular
cell type can be engineered. Proteomic approaches re-
quire good gene structures, and these will improve with
continued experiment, such as investigations of alterna-
tive splicing, RNA editing, and cDNA and genomic se-
quences from other worms. Analysis of noncoding regions
such as those involved in sex determination, chromosome
dynamics, and transcriptional regulation depend on hav-
ing the genome sequence in hands, and studies of these
regions will accelerate. The combination of all these ap-
proaches will continue to exploit the strengths of C. eleg-
ans: the ability to tie its development, physiology, behavior,
and evolution to individual, identified cells in a reproduc-
ible manner, the powerful genetics, etc.. Having a full ge-
nome sequence profoundly affects the way we think about
and perform our experiments, but it does not happen
overnight. A richness of material stimulates human creativ-
ity as much as does scarcity; the existence of genomic
sequence and associated information of gene function,
expression, regulation and interaction will undoubtedly
inspire new ways of using this material to understand
biological systems.
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